Introduction {#Sec1}
============

Respiratory syncytial virus (RSV) is the most common cause of bronchiolitis and pneumonia in infants and is the leading cause of hospitalization among infants \[[@CR1]--[@CR3]\], responsible for nearly 16 times more infant hospitalizations than influenza \[[@CR1]\]. However, RSV hospitalization rates in the United States are highest for infants aged \<1 year, with rates estimated at 2345 per 100,000 person-years compared with 178 per 100,000 person-years for 1- to 4-year-old children and even lower rates for children aged ≥5 years \[[@CR1]\].

The risk for RSV hospitalization is greater for infants born preterm, or with chronic lung disease, congenital heart disease, or other comorbid conditions, and can be further increased by factors such as being born during the RSV season, attending daycare, and/or having preschool-aged siblings \[[@CR4]--[@CR12]\]. A multicenter prospective surveillance study demonstrated that the greatest risk of RSV hospitalization for US infants occurs during the second month of life \[[@CR13]\]. Similarly, a recent systematic literature review conducted among healthy preterm infants born at 29--35 weeks gestational age (wGA) concluded that preterm infants were at elevated risk of RSV hospitalization relative to term infants and that young chronologic age during the RSV season was one of the most important risk factors for RSV hospitalization in this population \[[@CR14]\].

This study sought to aggregate the data available from published literature and from nationally representative databases of US infant hospitalizations to generate a composite description of the effect of chronologic age by individual month on RSV hospitalizations among US term and preterm infants.

Methods {#Sec2}
=======

Data Sources {#Sec3}
------------

This article is based on previously available data, and does not involve any new studies of human or animal subjects performed by any of the authors. We included studies published between 2012 and 2017 that were conducted in the US, evaluated RSV hospitalization proportions using data after the year 2000, and provided data by age in months (e.g., \<1, 1 to \<2, 11 to \<12 months). This strategy resulted in the inclusion of data from 3 studies in the analysis: Hall et al. \[[@CR15]\], Helfrich et al. \[[@CR16]\], and Anderson et al. \[[@CR17]\]. These studies represent the relative incidence of RSV hospitalizations among preterm and term infants as a function of chronologic age in individual months. No data were available regarding the incidence of RSV hospitalization by individual month of age among children with chronic medical conditions. Specific details of the published studies included in this analysis are listed in Table [1](#Tab1){ref-type="table"}.Table 1Details of infants included in previously published studiesStudyCharacteristics of infants included and studyAuthor/yearAge criteriaSpecific inclusion criteriaData source/locationStudy periodHall et al. (2013) \[[@CR12]\]All children aged \<24 monthsHospitalized for laboratory-confirmed RSV infectionNew Vaccine Surveillance Network from Nashville, TN, Rochester, NY, and Cincinnati, OHOctober 1, 2000 to March 31, 2001; October 1, 2001 to March 31, 2002; October 1, 2002 to March 31, 2003; October 1, 2003 to March 31, 2004; October 1, 2004 to March 31, 2005Helfrich et al. (2015) \[[@CR13]\]Non-high-risk infants 33--36 wGA and term infantsNo receipt of palivizumabMilitary Health SystemOctober 1, 2005 to April 30, 2011Anderson et al. (2017) \[[@CR14]\]29--35 wGANo RSV immunoprophylaxis received and hospitalized for laboratory-confirmed RSV infectionData from 43 diverse US practicesOctober 1, 2014 to April 30, 2015*RSV* respiratory syncytial virus, *wGA* weeks gestational age

Data Analysis {#Sec4}
-------------

All analyses for this study were restricted to infants (i.e., children aged 0--12 months). Data from published studies and the National Inpatient Sample (NIS) and Kids Inpatient Database (KID) were analyzed to compute proportions of RSV hospitalizations by month of age relative to the total number of RSV hospitalizations during the first year of life \[[@CR18], [@CR19]\]. Data on the number of RSV hospitalizations by age in months from Hall et al. were obtained from table 2 of that study (*n* = 462) \[[@CR15]\], and proportions by age in months were calculated. The number of hospitalizations by age in months were also calculated from fig. 2 of the Helfrich et al. \[[@CR16]\] study. Proportions were calculated separately for infants 33--34 wGA at birth, 35--36 wGA at birth, and term infants. Data on 702 community-acquired RSV hospitalizations from Anderson et al. \[[@CR17]\] were obtained from the authors. The proportion of hospitalizations for each month of age were calculated for all 702 hospitalizations as well as in strata of gestational age at birth \[i.e., 29--32 wGA (*n* = 237), 33--34 wGA (*n* = 283), and 35 wGA (*n* = 182)\].

To complement data from the published studies, an analysis of the NIS and KID data was performed. The NIS and KID are US-based, nationally representative de-identified datasets developed and maintained by the Healthcare Cost and Utilization Project, sponsored by the Agency for Healthcare Research and Quality. The NIS is the largest dataset currently available that provides national estimates for all inpatient stays (i.e., includes children, adults, and the elderly), whereas the KID provides national estimates specifically for pediatric (age ≤20 years) inpatient stays. Information to calculate age in months (i.e., "age in days" variable) for hospitalized infants has not been collected since 2012 in these databases (age only reported in years from 2012); therefore, the 2006--2011 NIS and the 2006 and 2009 KID databases were analyzed. Infant RSV hospitalizations in the NIS and KID data (after excluding birth hospitalizations) were identified using primary or secondary diagnoses of RSV (i.e., International Classification of Diseases, Ninth Revision, Clinical Modification codes 480.1, 466.11, 079.6).

Certain states were excluded because "age in days" was not reported (Florida, Massachusetts, Maine, New Hampshire, South Carolina, and Texas in the NIS data, and hospitalizations from Connecticut, Florida, Massachusetts, Maine, New Hampshire, South Carolina, and Texas in the KID data). To provide a national estimate of RSV hospitalization by age in months, weights were rescaled. Rescaling was conducted by summing the weights within each sampling stratum (with all states included) and then calculating the number of hospitalizations remaining within each sampling stratum after removing the states with no "age in days" variable. Subsequently, rescaled weights for each stratum were obtained by dividing the sum of weights by the number of remaining hospitalizations. After excluding states without "age in days," all strata had more than one hospital and thereby no collapsing of strata was required. To compare NIS data with KID data, an additional analysis using only 2006 and 2009 NIS data was conducted. All analyses were performed using SAS statistical software, v.9.4 (SAS Institute, Cary, NC, USA).

Results {#Sec5}
=======

Overall data from all the included published studies and the analyses of NIS and KID data showed that nearly 50% of all RSV hospitalizations during the first year of life happened during the first 3 months of life, and 75--80% happened during the first 6 months of life (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Proportion of infant RSV hospitalizations by age in months, across various data sources. RSV hospitalization proportions sums to 100%. *RSV* respiratory syncytial virus

Data on preterm and term infants combined from the Hall et al. \[[@CR15]\] study showed that 13.4% (*n* = 62) of hospitalizations were observed for infants aged 0 to \<1 month old, 24.9% (*n* = 115) for infants aged 1 to \<2 months, and 14.7% (*n* = 68) for infants aged 2 to \<3 months old. The Helfrich et al. \[[@CR16]\] data showed that, among term infants, the greatest number of RSV hospitalizations \[20.4% (*n* = 1147)\] was also observed when the infants were in the second month of life. Among preterm infants born at 33--34 and 35--36 wGA in the Helfrich study, the greatest number of RSV hospitalizations was similarly observed during the second month of life \[22.9% (*n* = 30) and 22.7% (*n* = 88), respectively\] (see Fig. [1](#Fig1){ref-type="fig"}).

Using the data from Anderson et al. \[[@CR14]\], one-quarter \[25% (*n* = 174)\] of all RSV hospitalizations among infants born at 29 to 35 wGA occurred during the second month of life (i.e., age 1 to \<2 months), versus 9% (*n* = 61) and 17% (117) in the first and third months, respectively. The proportion of hospitalizations by wGA at birth is shown in Fig. [1](#Fig1){ref-type="fig"}. For infants born at 33--34 wGA, 12% (*n* = 33), 30% (*n* = 85), and 12% (*n* = 35) of RSV hospitalizations were observed during each of the first 3 months of life, respectively; for infants born at 35 wGA, the proportions were 12% (*n* = 21), 23% (*n* = 42), and 20% (*n* = 37), respectively. Among infants born at 29--32 wGA, the proportion during the first month of life was much lower, while the proportion of RSV hospitalizations during each of the first 3 months of life were 3% (*n* = 7), 20% (*n* = 47), and 19% (*n* = 45), respectively.

Characteristics of preterm and term infants with RSV hospitalization in the NIS and KID data are shown in Table [2](#Tab2){ref-type="table"}. Across all RSV hospitalizations included in the NIS data from 2006 through 2011 (*n* = 361,685), 14.5% (*n* = 52,310) of RSV hospitalizations occurred when the infant was aged \<1 month, 21.2% (*n* = 76,545) when aged 1 to \<2 months, and 14.0% (*n* = 50,606) when aged 2 to \<3 months (Table [3](#Tab3){ref-type="table"}). Restricting data to only RSV hospitalizations during the RSV season (November--March) also showed that the highest proportion of hospitalizations was observed during the infant's second month of life, and the proportions ranged from 20.4% (*n* = 11,969; November 2009 to March 2010) to 21.8% (*n* = 12,858; November 2007 to March 2008). Likewise, of all infant RSV hospitalizations in the 2006 and 2009 KID data (*n* = 136,344), 14.8% (*n* = 20,119) of RSV hospitalizations occurred when the infant was \<1 month old, 21.3% (*n* = 29,067) when the infant was 1 to \<2 months old, and 14.3% (*n* = 19,444) when the infant was 2 to \<3 months old. Additional analyses restricting the NIS data to 2006 and 2009 found results similar to KID data, with 14.7% (*n* = 17,758) of all hospitalizations observed among those aged \<1 month, 20.9% (*n* = 25,139) among those aged 1 to \<2 months, and 14.0% (*n* = 16,878) among those aged 2 to \<3 months old.Table 2Characteristics of infants hospitalized for RSV in the National Inpatient Sample and Kids Inpatient DatabaseNISKIDWeighted *n* ^a^%Weighted *n* ^b^%Total361,685100.0136,344100.0Sex Male206,21457.077,11456.6 Female155,42843.059,21543.4 Missing430.0140.0Race/ethnicity White, non-Hispanic146,80340.652,57238.6 Black, non-Hispanic39,80611.014,88610.9 Native American37731.011670.9 Hispanic60,73216.823,50617.2 Asian63361.821781.6 Other16,7764.660534.4 Unknown/missing87,45724.235,98126.4Payer type Private126,56835.046,66134.2 Public211,93958.681,33359.7 Self-pay11,4263.241753.1 Other10,7793.038192.8 No charge/unknown9730.33560.3Hospital/site region Northeast63,27017.522,88316.8 Midwest84,04023.235,77426.2 South130,88036.243,96632.2 West83,49423.133,72124.7Household income^c^ 1st quartile119,60533.146,98334.5 2nd quartile95,43526.436,37326.7 3rd quartile76,46921.128,75021.1 4th quartile61,27516.920,61715.1 Missing89022.536212.7*KID* Kid Inpatient Database, *NIS* National Inpatient Sample, *RSV* respiratory syncytial virus^a^After excluding the states (Florida, Massachusetts, Maine, New Hampshire, South Carolina, and Texas) with missing "age in days" variable, discharge weights were rescaled to match the national estimate of discharges^b^After excluding the states (Connecticut, Florida, Massachusetts, Maine, New Hampshire, South Carolina, and Texas) with missing "age in days" variable, discharge weights were rescaled to match the national estimate of discharges^c^Quartile ranges change by year for NIS and KID (<http://www.hcup-us.ahrq.gov/db/vars/zipinc_qrtl/nisnote.jsp>). For Anderson et al. \[[@CR17]\]: quartile 1 = \$1--39,999; quartile 2 = \$40,000--50,999; quartile 3 = \$51,000--65,999; quartile 4 = \$66,000+ Table 3Proportion of RSV hospitalizations by age in months in the National Inpatient Sample Database^a^, overall and by RSV season from 2006 through 2011, and the Kids Inpatient Database in 2006 and 2009Age in monthsNISKIDAcross all years (*n* = 361,685)November 2006--March 2007 (*n* = 58,958)November 2007--March 2008 (*n* = 58,872)November 2008--March 2009 (*n* = 50,893)November 2009--March 2010 (*n* = 58,560)November 2010--March 2011 (*n* = 52,265)2006 and 2009 (*n* = 136,344)Weighted *n*% (95% CI)Weighted *n*% (95% CI)Weighted *n*% (95% CI)Weighted *n*% (95% CI)Weighted *n*% (95% CI)Weighted *n*% (95% CI)Weighted *n*% (95% CI)\<152,31014.5% (13.9--15.0)854314.5% (13.5--15.5)846414.4% (13.5--15.3)764815.0% (13.7--16.3)822014% (13.0--15.1)708913.6% (12.5--14.6)20,11914.8% (14.3--15.3)1 to \<276,54521.2% (20.6--21.7)12,35721.0% (19.9--22.0)12,85821.8% (20.7--23.0)10,43120.5% (19.5--21.5)11,96920.4% (19.5--21.4)11,36921.8% (20.2--23.3)29,06721.3% (20.9--21.8)2 to \<350,60614.0% (13.7--14.3)831514.1% (13.4--14.8)831114.1% (13.3--14.9)694713.6% (12.9--14.4)812013.9% (13.1--14.7)731714% (13.3--14.7)19,44414.3% (13.9--14.6)3 to \<435,9349.9% (9.7--10.2)607610.3% (9.7--10.9)592110.1% (9.5--10.7)506510% (9.2--10.7)56369.6% (9.1--10.2)543610.4% (9.6--11.2)13,1109.6% (9.4--9.9)4 to \<530,1238.3% (8.1--8.6)53329.0% (8.4--9.7)48768.3% (7.6--9.0)42738.4% (7.7--9.1)45617.8% (7.3--8.3)42078.1% (7.4--8.7)11,1768.2% (8.0--8.4)5 to \<625,0366.9% (6.7--7.2)40516.9% (6.2--7.5)40626.9% (6.3--7.5)34646.8% (6.1--7.5)43237.4% (6.8--8.0)36647.0% (6.3--7.7)91456.7% (6.5--6.9)6 to \<721,2805.9% (5.6--6.1)32825.6% (5.0--6.1)33185.6% (5.1--6.2)31476.2% (5.6--6.8)35036.0% (5.5--6.4)30585.9% (5.3--6.4)79915.9% (5.7--6.1)7 to \<818,0685.0% (4.8--5.2)30985.3% (4.8--5.7)28514.8% (4.4--5.3)24864.9% (4.4--5.3)30575.2% (4.8--5.6)23764.5% (4.1--5.0)68665.0% (4.8--5.2)8 to \<915,1714.2% (4.0--4.4)21633.7% (3.3--4.1)25354.3% (3.8--4.8)21214.2% (3.7--4.7)26794.6% (4.2--5.0)22534.3% (3.8--4.8)55834.1% (3.9--4.3)9 to \<1013,0633.6% (3.4--3.8)21013.6% (3.2--4.0)20813.5% (3.1--4.0)18943.7% (3.3--4.1)21523.7% (3.3--4.1)18273.5% (3.0--3.9)50243.7% (3.5--3.9)10 to \<1112,2973.4% (3.2--3.6)18883.2% (2.8--3.6)18803.2% (2.8--3.6)17423.4% (3.0--3.9)22583.9% (3.5--4.3)19013.6% (3.2--4.1)47753.5% (3.3--3.7)11--1211,2523.1% (3.0--3.3)17513.0% (2.6--3.3)17152.9% (2.5--3.3)16763.3% (2.9--3.7)20823.6% (3.2--3.9)17683.4% (3.0--3.8)40443.0% (2.8--3.1)*CI* confidence interval, *KID* Kids Inpatient Database, *NIS* National Inpatient Sample, *RSV* respiratory syncytial virus, *wGA* weeks gestational age^a^After excluding the states (Florida, Massachusetts, Maine, New Hampshire, South Carolina, and Texas) with missing "age in days" variable, discharge weights were rescaled to match the national estimate of discharges

Discussion {#Sec6}
==========

The overall burden of RSV hospitalizations among infants is high, as the weighted results from the NIS and KID analyses estimated an average of more than 60,000 RSV-related hospitalizations each year during the first year of life, excluding birth hospitalizations. Moreover, all data sources showed that the peak age for RSV hospitalization was during the second month of life, with 20--30% of all RSV hospitalizations in the first year of life occurring during the second month of life. Also, consistent across all data sources, 50% of all infant RSV hospitalizations were observed in the first 3 months of life and more than 75% in the first 6 months of life. These results demonstrate that the risk of RSV hospitalization is greatest during the first 6 months of an infant's life, and the risk declines with older chronologic age.

In our study, we showed that the peak incidence of hospitalization occurred in the second month for both preterm and term infants. However, this similar pattern may be driven by different mechanisms in preterm and term infants. In both, physiologic risk related to an infant's small airways is greatest when infants are young; however, the greatest risk occurs at the second month of life rather than the first month. Chu et al. \[[@CR20]\], based on a randomized control trial, and Glenzen et al. \[[@CR21]\], based on a prospective cohort study, found that, in term infants, placentally-transferred maternal antibodies against RSV reduce incidence in the initial months of life, with the greatest effect in the first month of life. In contrast, preterm infants, particularly those \<32 wGA, have less maternal antibody transfer before birth. However, as observed by La Gamma and colleagues \[[@CR22]\] in a retrospective cohort study, these infants are frequently not discharged from the hospital for several weeks following birth, delaying exposure and the resulting peak incidence of RSV-related hospitalization. This is most evident in the Anderson et al. data for 29--31 wGA infants, in whom the relative incidence in the first month of life was much lower than that observed with all other populations studied \[[@CR17]\].

In addition to the studies included in this analysis, other studies have highlighted the importance of chronologic age for RSV-associated hospitalizations in the United States. Using Florida and Texas Medicaid data for preterm (32--34 wGA) and term (37--41 wGA) infants, and using a different outcome measure (i.e., rate per 100 patient-years) for each month of age, Winterstein and colleagues \[[@CR23]\] found that the rate per 100 patient-years for both states was greatest among infants aged 1 to \<2 months. RSV hospitalization rates in the third month of life were 21--29% lower than rates in the second month. The Winterstein study did not examine rates in the first month of life.

Dougherty and Meissner \[[@CR24]\], using data from 1994 to 1997 from a pediatric hospital, found that the greatest number of infants were admitted for RSV during the second and third months of life. Studies by Boyce et al. \[[@CR25]\] and Fryzek et al. \[[@CR26]\] did not present RSV hospitalizations by each month of chronologic age, but RSV hospitalizations were reported to be greatest among infants aged \<3 months. A prospective study by Ambrose and coauthors observed that the risk of RSV hospitalization for infants 32--35 wGA was highest for infants in the first 6 months of life \[[@CR4]\]. In a study by Simoes and colleagues published after our analysis was completed, it was demonstrated that RSV hospitalization was highest at young chronologic age and declined steadily with each additional month of age, similar to the results observed in the current analysis \[[@CR27]\].

The findings presented here should be viewed in the context of certain methodological limitations. In Helfrich et al. \[[@CR16]\], the number of infants (denominator in the proportions of hospitalizations per month of age) was not provided in the text and was therefore extracted from the figures, potentially leading to minor inaccuracies in the calculated proportions. RSV-related hospitalizations in the NIS and KID data were identified using diagnosis codes; as a result, coding inaccuracies may underestimate or overestimate the true prevalence of RSV hospitalizations. In the NIS and KID data, RSV hospitalizations from states for which the "age in days" variable was missing were excluded, and, although sampling weights were rescaled to report a national estimate (following recommendations from the data custodians), it may not accurately represent the age distribution of RSV hospitalizations in the missing states. In addition, because KID data were only available in 3-year intervals (e.g., 2003, 2006, 2009) rather than annually, hospitalizations during complete RSV seasons (November--March) could not be studied. Finally, the results of the present analyses are only generalizable to term and preterm infants without other underlying medical conditions. The results are not applicable to infants with chronic lung disease, congenital heart disease, or other underlying medical conditions that place children at significantly elevated risk of severe RSV disease, as no specific data were available for these populations.

Conclusion {#Sec7}
==========

Overall, in this study, data from various sources and diverse regions of the USA showed that a considerable number of preterm and term infants are hospitalized each year with RSV infection and that the risk of being hospitalized due to RSV is greatest during the first 6 months of life. As a result, strategies to prevent RSV hospitalization among infants in the United States should be targeted to the first months of life.
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